We use time-and angle-resolved photoemission to measure quasiparticle relaxation dynamics in Bi2Sr2CaCu2O 8+δ across a laser-induced superconducting phase transition. Whereas low-fluence measurements reveal picosecond dynamics, a sharp femtosecond dynamic emerges at higher fluence. Analyses suggest that the closure of the near-nodal gap and disruption of macroscopic coherence are primary mechanisms driving this onset.
In recent years, advances in ultrafast spectroscopy have facilitated an unprecedented ability to characterize and control quantum materials [1] . The operative principle of such experiments is typically a "pump-probe" experimental scheme, in which a material is irradiated by two successive femtosecond-duration laser pulses that can often be interpreted as generating and measuring a population of nonequilibrium quasiparticles. In assessing the ultimate utility of ultrafast experiments, then, a central question naturally arises: how might quasiparticle relaxation dynamics connect to the mechanisms governing underlying electronic ordering tendencies?
Particularly in the cuprate high-temperature superconductors, one of the most important open research questions is how quasiparticle relaxation timescales relate to the physics of superconductivity and the nearby pseudogap state. A promising avenue for clarifying this is in the examination of quasiparticle relaxation in cuprates at low temperature but high pump fluence, where superconductivity is destroyed and must dynamically reemerge. This regime has been explored with great interest using time-resolved reflectivity and transmissivity [2] [3] [4] [5] [6] [7] [8] [9] , and studies have reported distinct femtosecond and picosecond relaxation time scales that appear to be connected to coexisting or even competing phases. However, such all-optical probes lack momentum resolution, and have no direct access to the dynamics of the energy gap. Conversely, time-and angle-resolved photoemission spectroscopy (time-resolved ARPES) is ideally suited for probing both momentum-dependent quasiparticle [10] [11] [12] [13] [14] [15] and gap [13, 16, 17] dynamics in cuprates, yet low-temperature studies using fluences high enough to destroy superconductivity [10] [11] [12] are still in their infancy.
In this letter, we characterize the low-temperature, high-fluence regime in the most direct manner to date, using time-resolved ARPES to probe quasiparticle dynamics in the cuprate superconductor Bi 2 Sr 2 CaCu 2 O 8+δ (Bi2212) at pump fluences from 2-30 µJ/cm 2 . We find that fluences inducing a complete closure of the nearnodal superconducting gap result in a distinctive twocomponent relaxation dynamic, with well-defined femtosecond and picosecond recovery scales. Correlations between the onset of these two components and superconducting gap dynamics establish a strong connection between picosecond relaxation dynamics and superconductivity, and demonstrate close ties between the femtosecond relaxation component and the physics of a normal metal. As such, these results reveal an important aspect of the relationship between novel electronic orders and relaxation rates: namely, that the former can dramatically affect the latter through the influence of changing phase space restrictions and interaction cross sections.
The apparatus is as described in Ref. [18] , and utilizes pump pulses of wavelength 836 nm (hν = 1.48 eV) and probe pulses of wavelength 209 nm (hν = 5.93 eV). Energy, momentum, and time resolutions are 23 meV, 0.003 A −1 , and 300 fs. We have corrected for detector nonlinearity [18] , as well as for a pump-induced time-dependent but uniform energy shift in the electronic spectrum (≤ 4 meV) [16] .
We begin with a fluence-dependent analysis of correlations between quasiparticle recombination dynamics and the superconducting gap for a nearly optimally doped sample (T c = 91 K). Figure 1 shows two cuts through k-space, at φ = 45
• and φ = 30
• (φ is defined from the Y point relative to Y -M as in the panel (a) inset). The cut at φ = 45
• intersects a d-wave gap node, where quasiparticle dynamics can be measured independently of gap dynamics, and can be characterized with high signal-to-noise (Figs. 1(c) and 1(d)) by integrating spectral intensity change across a large window in energy and momentum (white double arrows in Fig. 1(a) ). Concomitant gap dynamics (Figs. 1(e) and 1(f)) are extracted using energy distribution curve (EDC) symmetrization [13, 16, 19] from the cut at φ = 30
• , which has an equi- • , extracted by fitting symmetrized EDCs at kF to a broadened BCS line shape [16] .
librium gap of 14 meV ( Fig. 1(b) ). Consistent with previous measurements [13] , at lower fluence the gap magnitude is suppressed but always finite, and the population of nonequilibrium quasiparticles decays with picosecond dynamics. As shown in Figs. 1(d) and 1(f), however, beyond a critical fluence F c (defined as the fluence necessary to close the near-nodal gap) [16, 17] , a sharp femtosecond relaxation dynamic emerges in the quasiparticle population response. The dynamic is also coupled to the near-nodal gap temporally, appearing most prominently when the superconducting gap is closed (t < 1.5 ps, see shaded gray regions in Figs. 1(d) and 1(f)). We note that, though two-component quasiparticle recovery dynamics have been previously mentioned in cuprate studies using time-resolved ARPES [10] [11] [12] and time-resolved reflectivity and transmissivity [2] [3] [4] [5] [6] [7] [8] [9] , this connection between two-component behavior and the superconducting gap has not been reported. at half maximum) and the bi-exponential function
with parameters τ f ast , τ slow , C f ast , C slow , and t 0 . ∆I 0f ast and ∆I 0 slow are fit curve amplitudes after convolution by the resolution function. For the 4 µJ/cm 2 measurement we constrained C f ast = 0 because a fast component was not apparent. We also measured the above-T c response, setting C slow = 0 and constraining t < 0.6 ps because a slow component was not apparent.
Overall, the picosecond quasiparticle recovery component exhibits many trends that establish a close connection to superconductivity. For example, it appears only in the low-temperature data. When present, τ slow decreases with increasing fluence [13] , as expected of quasiparticles reentering a superconducting condensate following rules of second-order kinetics [13, 20, 21] . The amplitude ∆I 0 slow also increases rapidly with fluence in the low-fluence limit, yet appears to saturate above F c , which is consistent with a density of quasiparticles decaying into the superconducting state that is bounded from above by the equilibrium superfluid density. By contrast, the femtosecond recovery component exhibits very different behavior. At low temperature, ∆I 0f ast is suppressed or absent at low fluence and only becomes substantial for F > F c . At high temperature (above T c ), femtosecond dynamics dominate. At all temperatures, τ f ast exhibits no fluence dependence or may even increase with fluence. Figure 3 shows quasiparticle relaxation dynamics, resolved in both energy and momentum, for momentum cuts at φ = 26
• (outside the pseudogap-state Fermi arc), φ = 37
• (inside the pseudogap-state Fermi arc), and φ = 45
• (the node), responding to a pump fluence of 25 µJ/cm 2 (above F c ). Such an analysis takes advantage of the full power of time-resolved ARPES, and notably demonstrates that two-component relaxation dynamics appear throughout a large portion of the Brillouin zone. As clear from Figs. 3(a) and 3(c) , quasiparticle relaxation after the first picosecond occurs significantly faster away from the node than at the node, in agreement with previous energy-integrated measurements at lower fluence [13] . These momentum variations in τ slow become larger with decreasing energy, which establishes further connections to superconductivity, as low-energy quasiparticles necessarily interact more strongly with the many-body ground state than do their higher-energy counterparts [22] .
Though it is tempting, based on Figs. 1 and 2, to associate the fast component with a competing pseudogap order, Fig. 3 shows that the momentum-and energydependent trends in ∆I 0f ast are directly at odds with the fact that the pseudogap becomes most prominent toward the Brillouin zone face. As shown in Fig. 3(a) , at low energy the fast component component completely disappears in the off-nodal data. In part, this reflects the fact that the low-energy off-nodal quasiparticle relaxation signature is overshadowed by the dynamics of the nonequilibrium superconducting gap. However, even above the gap edge, τ f ast exhibits no discernible momentum dependence within experimental error (Figs. 3(b) and 3(c)), and energy-dependent amplitudes ∆I 0f ast do not appear to increase near the Brillouin zone face (Fig. 3(d) ). Rather, they may even tend to decrease, although ARPES matrix elements make it somewhat difficult to make these comparisons quantitative.
Stronger evidence differentiating the fast component from the physics of the pseudogap occurs in the doping dependence of quasiparticle relaxation. Figure 4 shows an analysis of nodal quasiparticle relaxation dynamics at comparable excitation densities (≈ 24 µJ/cm 2 ) for multiple dopings of Bi2212, corresponding to critical temperatures T c = 78 K (underdoped, UD78K), T c = 91 K (nearly optimally doped, OP91K), T c = 78 K (overdoped, OD78K), and T c = 59 K (very overdoped, OD59K). For the first three dopings, both equilibrium ARPES [23, 24] and time-resolved ARPES [14] measurements have previously identified distinct transition temperatures T c and T * for the onset of superconductivity and the pseudogap, with T * occurring at 200 K for the UD78K sample, 150 K for the OP91K sample, and 97 K for the OD78K sample. The OD59K sample has no equilibrium pseudogap [23, 24] . In spite of these differences, two-component recovery dynamics prominently appear in the time-resolved nodal quasiparticle relaxation dynamics for all four dopings (see Figs. 4(a)-4(d) ), and quasi- • , φ = 37
• , and φ = 26
• . Intensities in (d) are obtained by scaling momentum cuts so that 0.1eV −0.3eV I(k, ω) dω averages to 1 between k − kF = −0.075π/a and k − kF = −0.03π/a when t < 0.
particle relaxation above T c in the OD59K sample resembles the low-temperature femtosecond component for the OD59K sample (Fig. 4(d) ) similarly to the way that quasiparticle relaxation above T c , but below T * , in the OP91K sample resembles the OP91K low-temperature femtosecond relaxation component ( Fig. 1(d) ).
Taking the momentum and doping dependence of quasiparticle relaxation rates into consideration jointly, we argue that the primary explanation for the onset of two-component dynamics is that quasiparticle relaxation dynamics are directly affected by changes that occur in the underlying band structure as the system relaxes back toward equilibrium. Specifically, three dynamical mechanisms related to the opening of the superconducting gap are simultaneously at play. First, the opening of a gap dramatically reduces the amount of available phase space near the Fermi level. A quasiparticle in metallic Bi2212 can relax by many channels (Fig. 4(e) ), with a final-state phase-space density roughly proportional to the product of the Fermi surface area and the quasiparticle energy (assuming a uniform Fermi velocity). In the presence of a d-wave gap, however, scattering rates for lower-energy states are sharply curtailed (Fig. 4(f) ). For a quasiparticle residing along the nodal direction at 15 meV in optimally doped Bi2212 (∆ 0 ≈ 35 meV), the gap imposes an almost 80% phase-space reduction for relaxation via scattering (particle-conserving) interactions [25] . Second, because the gap opens in the midst of the quasiparticle relaxation process, quasiparticles are steadily lifted from lower energies back to higher energies on a picosecond timescale (Fig. 4(g) ), and the overall effect counterbalances quasiparticle relaxation at fixed energy. This explains, for example, why the energy of the maximum τ slow increases with decreasing φ in Fig. 3(c) . While the effect occurs most dramatically at the Brillouin zone face, nodal and near-nodal states might also be impacted because of the resultant conversion of boson-absorption scattering channels into boson-emission channels. We note that momentum conservation requirements are ignored in these first two arguments, which may be reasonable given the large inhomogeneities that are known to exist in Bi2212 on nanometer length scales [26] . Third and most generally, however, there is likely to be a fundamental change in electron-boson coupling matrix elements in the presence as opposed to the absence of superconductivity. The superconducting state is macroscopically coherent-with an ill-defined number of superconducting electrons-and this muddles the impact of charge in quasiparticle scattering events. Thus, the recombination cross section below T c is likely to be reduced because of reduced Coulomb attraction.
Curiously, Figs. 4(h) and 4(i) reveal that time constants for both the fast and slow components decrease sharply with decreasing hole concentration, and particularly in Fig. 4(h) , the slow-component time constant for the OD59K sample appears to diverge from the linear trend of the three samples exhibiting pseudogap physics at equilibrium. Similarly, the amplitude ratio ∆I 0 slow /∆I 0 total is markedly different for the OD59K sample than it is for the other three dopings (Fig. 4(j) ). Further studies with better time resolution are needed to investigate these effects more fully.
In summary, the data presented here show that thermal quasiparticle relaxation dynamics and the opening of the superconducting gap play a large role in generating two-component relaxation dynamics regardless of the role, if any, that the pseudogap might play. This result is particularly relevant given the findings of many all-optical studies, which also report a femtosecond relaxation component, but which claim in many cases that it is a direct manifestation of the pseudogap [2] [3] [4] [5] [6] [7] [8] [9] . We note that all-optical studies also use probe frequencies that far exceed the energies of both the steady-state superconducting gap and pseudogap. Hence the two tech-niques may be accessing different dynamics, and may not necessarily be in conflict. Time-resolved ARPES studies at higher fluences or closer to the first Brillouin zone boundary may be helpful in resolving this question unambiguously.
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